Introduction
============

Kidneys are essential to life, receiving and detoxifying about one-fifth of the blood output of each heartbeat. Without working kidneys or an artificial means to replicate their function, humans can live only days. Unfortunately, the kidney is a major target for exogenous toxicant chemicals, ranging from intentionally given drugs to toxicants in foodstuffs, to environmental pollutants.[@b1-bmi-suppl.1-2015-117]--[@b4-bmi-suppl.1-2015-117] It is also vulnerable to toxins (ie, toxicants produced by living organisms) that may be eaten in food or inoculated by venomous animals.[@b5-bmi-suppl.1-2015-117],[@b6-bmi-suppl.1-2015-117]

The vulnerability of kidneys to get damaged by therapeutic drugs or their metabolites is a serious issue in medicine. In one study, about 1% of all patients admitted to a hospital above the age of 60 developed acute renal failure due to drug-induced nephrotoxicity.[@b7-bmi-suppl.1-2015-117] The relatively high vulnerability of the elderly reflects both age-diminished renal function, reducing margins of safety, and also the number of different drugs that might be given to an older patient at the same time, some of which can act synergistically to cause damage.[@b8-bmi-suppl.1-2015-117]--[@b10-bmi-suppl.1-2015-117] As well as providing unexpected emergencies in response to drug treatment, nephrotoxic reactions can be the major limitation to the effectiveness of therapies. In oncology, for example, the dose of drugs such as cisplatin may have to be kept lower than would be optimal for anticancer purposes in order to avoid destroying a patient's kidneys. Similarly, antibiotics that would otherwise be very useful against infections may have to be avoided, or used at suboptimal doses, in order to protect renal function. For at least some types of nephrotoxicity, the route to damage involves a specific cellular activity, such as an active uptake system that concentrates a toxicant in a cell. This raises the hope of pharmacological intervention so that a protective drug P can block the cellular pathway that makes potentially nephrotoxic toxic drug T so dangerous and allows a higher dose of T to be used.[@b11-bmi-suppl.1-2015-117]

Pharmaco-toxicologists need reliable assays for nephrotoxicants for multiple reasons: they need measures of the nephrotoxicity of single new (candidate) compounds, they need measures of the nephrotoxicity of new or existing drugs used in combination, especially those used in common combinations in polypharmacy of the elderly, and they need measures of the reduction in nephrotoxicity achieved by co-administration of drugs designed to be nephroprotective. The choice of assay depends in part on the mechanism of toxicity, which will therefore be considered next in this review.

Mechanisms of Renal Toxicity
============================

The vulnerability of kidneys to nephrotoxicants is focused mainly (but not exclusively) in three areas. These are (i) the podocytes of the glomerulus, which make the finest element of the glomerular filter through which water and small solutes pass from blood to urine; (ii) the cells of the proximal tubule of the nephron, which recover many "wanted" solutes from the urine and also actively export organic anions and cations; and (iii) the renal interstitium. Fortunately, while the number of different nephrotoxicants is large, most seem to act via a relatively small number of damage pathways ([Fig. 1](#f1-bmi-suppl.1-2015-117){ref-type="fig"}).

Damage to cell membranes and cell--cell junctions
-------------------------------------------------

Cell--cell junctions are critical to renal function. Specialized junctions form the filter of the glomerulus, while "standard" tight and adherens junctions of epithelial cells are important in maintaining mechanical integrity of tubule walls and in separating apical and basal zones of epithelial cells. In the proximal tubule, tight junctions are specialized to be somewhat leaky, which is important in paracellular re-uptake of ions such as calcium. Heavy metal toxicants such as cadmium cause a serious disorganization of tight junction proteins.[@b12-bmi-suppl.1-2015-117] Aminoglycoside antibiotics, taken up and targeted initially to lysosomes, disrupt the lysosomal membranes, releasing destructive enzymes into the cytoplasm and also releasing the aminoglycosides to attack membranes of other organelles. Polyaspartic acid is protective against these effects.[@b13-bmi-suppl.1-2015-117] Amphotericin B also disrupts membrane function in the proximal tubule.[@b14-bmi-suppl.1-2015-117] The antiviral compound cidofovir forms a complex with phosphocholine within cells and interferes with normal membrane synthesis, damaging proximal tubule cells.[@b15-bmi-suppl.1-2015-117] One of the probable reasons that proximal tubule cells are so vulnerable to cidofovir, and its relatives adefovir and tenofovir, is that they posses powerful uptake systems for organic anions such as these. This idea is supported by the observation that probenecid, a drug that blocks the organic anion uptake systems, is protective against damage by these toxicants.[@b16-bmi-suppl.1-2015-117]

Oxidative stress and free radicals
----------------------------------

Many nephrotoxicants cause the production of free radicals. Cadmium ions complexed to metallothionein, for example, are endocytosed by proximal tubular cells using a mechanism requiring megalin.[@b17-bmi-suppl.1-2015-117] Once in the cells, the ions accumulate in mitochondria where they inhibit the respiratory chain and cause production of free radicals.[@b18-bmi-suppl.1-2015-117] This leads, ultimately, to apoptosis of the cells.[@b19-bmi-suppl.1-2015-117] Lead acts in a similar way.[@b20-bmi-suppl.1-2015-117] Cisplatin also acts partially through oxidative stress, although it also affects DNA and RNA synthesis.[@b15-bmi-suppl.1-2015-117]

Inflammatory damage
-------------------

The third mechanism of damage is mediated by the immune/inflammatory system and typically presents as acute interstitial nephritis. The damage develops relatively slowly, typically about 2 weeks after administration of the toxicant, unless a patient has already become sensitive from an earlier exposure.[@b21-bmi-suppl.1-2015-117] There is massive immune infiltration of the interstitium and sometimes the tubules themselves by monocytes, T-cells, and eosinophils, with accompanying tissue edema and often granuloma formation. Tubule lumens are frequently closed off and tubular cells can die or undergo epithelial-to-mesenchymal transition. This type of response is commonly induced by antibiotics (sulfonamides, rifampin, vancomycin, and ciprofloxacin), nonsteroidal anti-inflammatory drugs (NSAIDS), and some diuretics (furosemide and thiazides), although this list is by no means complete.[@b15-bmi-suppl.1-2015-117]

Interference with vascular function
-----------------------------------

Nonsteroidal anti-inflammatory drugs work by inhibiting cyclooxygenase, which is responsible for synthesizing prostaglandins. The problem for the kidney is that prostaglandins play a physiological role in controlling vessel diameter to maintain renal perfusion at the right pressure. In patients with systemic circulatory diseases or chronic kidney disease (which may not yet have been diagnosed), NSAIDS can prevent vasodilation to such an extent that glomeruli are fed with too little blood pressure, causing acute renal failure.[@b15-bmi-suppl.1-2015-117]

In addition to these main mechanisms, nephrotoxicants may damage kidneys by forming crystals in urine: antimicrobials and antivirals such as sulpfadiazine, acyclovir, and indinavir are associated with this.[@b15-bmi-suppl.1-2015-117]

Existing Assays of Nephrotoxicity and their Limitations
=======================================================

There are three main sources of information on the nephrotoxicity of drugs and other toxicants. The traditional test system is *in vivo* experimentation on animal models; a more recent innovation is the use of human cell lines and primary cultures; the oldest source is direct clinical observation of patients, but obviously this cannot be used experimentally and it provides most information only when other methods have already failed to identify a danger.

Animal models
-------------

The traditional method for preclinical nephrotoxicity testing is the administration of a test substance to mammals, usually rats,[@b22-bmi-suppl.1-2015-117]--[@b24-bmi-suppl.1-2015-117] although other animals such as dogs may also be used.[@b25-bmi-suppl.1-2015-117] Assays for nephrotoxicity can be made by measuring the urine volume and composition, plasma composition, postmortem examination of histology, or a combination of these.[@b26-bmi-suppl.1-2015-117]--[@b28-bmi-suppl.1-2015-117] Detection of tissue damage from urine alone is considerably helped by the fact that injured kidney tubules secrete the molecule Kim-1.[@b29-bmi-suppl.1-2015-117]--[@b31-bmi-suppl.1-2015-117]

Animal models have serious problems and limitations. One problem is the obvious ethical one which, even for people who have no ethical qualms about animal use, can still lead to complications of protests and company boycotts organized by people who do. A second problem is the cost of maintaining animal facilities. A third problem -- the most serious from the point of view of potential patients -- is the poor predictive power of animal studies.[@b32-bmi-suppl.1-2015-117] Meta-analyses of animal tests for adverse drug reactions have shown that human responses are predicted correctly in no more than 50% of experiments.[@b33-bmi-suppl.1-2015-117],[@b34-bmi-suppl.1-2015-117] This creates an urgent and widely recognized need for human cell--based preclinical assays.

Cell lines and primary cultures
-------------------------------

A great deal of nephrotoxicity takes place in the proximal tubule.[@b35-bmi-suppl.1-2015-117] This is partly because this cell type is very metabolically active, making it vulnerable to oxidative stressors, and partly because much of that activity is directed to transporting small solutes between the urinary space and the body fluids: this transport can concentrate toxicants in the cells.[@b36-bmi-suppl.1-2015-117],[@b37-bmi-suppl.1-2015-117] The proximal tubule may also be especially vulnerable because the proximal tubules are the first transporting cells to meet the urine, so their uptake of toxicants in the urinary space will reduce the concentration experienced by other cell types located more distally (ie, downstream). Simple, two-dimensional culture of human proximal tubule cells is therefore an obvious potential assay system for nephrotoxicity that escapes the need to guess about the human relevance of animal models.

Much work of this type has been done in one specific human cell line, HK2,[@b38-bmi-suppl.1-2015-117] which was derived from human proximal tubules and immortalized retrovirally.[@b39-bmi-suppl.1-2015-117] The cells have been useful to the study of specific transport systems that are still present and active in the cells but, because other transport systems of the proximal tubule are not active in HK2 cells,[@b40-bmi-suppl.1-2015-117] their use for toxicity studies runs a serious risk of false negatives.

Conditional immortalization of proximal tubule cells has been tried as a way to have a cell line that will replicate in permissive conditions but which can be returned to differentiated "normality" under nonpermissive conditions. An example produced in this manner is the ciPTEC line, which uses a combination of a human telomerse and temperature- sensitive SV40 large T antigen, the temperature sensitivity giving the required conditionality.[@b41-bmi-suppl.1-2015-117] When cultured in nonpermissive conditions, these cells possess a brush border and show active uptake of proteins, phosphate, and organic anions and cations. They show sensitivity to toxicants such as gentamicin,[@b42-bmi-suppl.1-2015-117] suggesting that they may be useful in screening.

Where suitable starting material is available, direct primary culture of human proximal tubule cells can be used. These cells, obtained from human kidneys through biopsy, nephrectomy (including organs intended for transplantation but not in fact used for various reasons), and postmortem, form monolayers that are highly realistic with respect to transport properties.[@b43-bmi-suppl.1-2015-117],[@b44-bmi-suppl.1-2015-117] They are therefore almost ideal for studies of proximal nephrotoxicity, but they live for only 2 weeks or so and they cannot be passaged without quickly losing their physiological properties. Their supply is also somewhat unpredictable.

Toward Anatomically Realistic Models
====================================

The culture models described above involve a single-cell type growing in simple two-dimensional culture or in 3- dimensional (3-D) gels.[@b45-bmi-suppl.1-2015-117] They have the advantages of simplicity and accessibility, making them well suited to high-throughput screening, but they lack the interactions between cell types present in the normal kidney, and they also lack anatomical organization. In particular, even where they are affected by nephrotoxicants, they may require much higher concentrations than are needed for the same effect *in vivo*.[@b46-bmi-suppl.1-2015-117]

More realistic are isolated renal proximal tubules, obtained by collagenase digestion of kidneys and density (Percoll)-gated centrifugation. These have been used in studies on nephrotoxicity and on techniques for protecting proximal tubules from known nephrotoxicants.[@b47-bmi-suppl.1-2015-117] Culture of proximal tubule cells on the surfaces of microfluidic channels also offers slightly more realistic conditions, with access to both sides of the epithelium and the possibility of flow.[@b48-bmi-suppl.1-2015-117]

Research being done for the ultimate purpose of producing "mini-kidneys" for transplant purposes (with subsequent growth in the host) has resulted in methods to produce much more anatomically realistic organs ([Fig. 2A](#f2-bmi-suppl.1-2015-117){ref-type="fig"}). This has so far been done only with murine systems. The technique makes use of the strong ability of ex fetu renogenic stem cells to organize themselves into a realistic kidney, given appropriate culture conditions. This self-organization is important and removes any need for a scaffold or for precise placement of cells by 3-D printing or a similar technique.[@b49-bmi-suppl.1-2015-117] The stem cells, which are a mixture of epithelial stem cells that will build the collecting duct system and mesenchymal stem cells that will build excretory nephrons and stroma, are first aggregated into a random arrangement by gentle centrifugation. This aggregate is transferred to a filter at the air--medium interface. During the first 24 hours of culture, which has to be supported by ROCK-inhibiting drugs to protect cells from death by anoikis,[@b50-bmi-suppl.1-2015-117] cells form contacts and begin to sort out into epithelial and mesenchymal compartments. Over the next day or so (when the drugs can be removed), small groups of epithelial cells form cysts that elongate into branching tubes, each effectively a mini-collecting duct. Mesenchyme condenses around the tips of the epithelial tubes to make cap mesenchyme, a structure characteristic of branch tips in normal kidney development.[@b51-bmi-suppl.1-2015-117],[@b52-bmi-suppl.1-2015-117] The cap mesenchyme maintains its own population and gives rise to progenitors of excretory nephrons, which go through the normal stages of maturation and connect to the collecting ducts.[@b50-bmi-suppl.1-2015-117]

The system as described makes organotypic microanatomy, but the large-scale structure of the kidney, which is based on a single collecting duct tree, is absent. More realistic anatomy can be produced by an extension of the basic technique: the system is set up as already described, and once the mini-collecting ducts begin to form, one of them is isolated manually and combined with a fresh batch of just the mesenchymal type of stem cell. The mini-collecting duct now develops into a single tree, around which all the cap mesenchymes and the nephrons that they produce are arranged.[@b53-bmi-suppl.1-2015-117] In a suitable culture system,[@b54-bmi-suppl.1-2015-117] the engineered kidney rudiment goes on to produce a distinct cortex and medulla, with loops of Henle descending from the cortex to the medulla as they should.

There are two main missing components to these kidneys. One, a still-unsolved problem, is the ureter: the kidneys as produced above have no exit (in normal development, the ureter enters the kidney from outside as the ureteric bud, which is probably why the ex fetu stem cells that make the kidney itself do not make one). The second is the absence of a circulation. This can be solved to some extent by grafting the rudiment either on to a chick egg chorioallantoic membrane (where it is served by the chick embryo's circulation[@b55-bmi-suppl.1-2015-117]) or under the renal capsule of a host animal, where it connects to the host blood supply and shows glomerular filtration.[@b56-bmi-suppl.1-2015-117]

Even without a circulating blood supply, kidney rudiments engineered in this manner and maintained in culture show considerable physiological activity, including the proximal tubule transport of organic anions and cations that is very important to proximal tubule nephrotoxicity[@b57-bmi-suppl.1-2015-117] ([Fig. 2B](#f2-bmi-suppl.1-2015-117){ref-type="fig"}). The presence of this transport activity suggests that these anatomically realistic kidney rudiments might be a good model for the study of nephrotoxicity, and we have preliminary results with responses to cisplatin to suggest that this is indeed so (Ogle, Lawrence, Davies, unpublished data).

Prospects for a Human Engineered Mini-Kidney
============================================

All the experiments described above use renogenic stem cells obtained directly from the renogenic region of embryonic day 10.5--11.5 fetal mice. Clearly, obtaining human renogenic stem cells this way would be neither practical, given the precise staging requirements, nor ethically acceptable. The obvious alternative is the use of human-induced pluripotent (hiPS) cells, differentiated to cell states equivalent to the renogenic stem cells currently obtained from mouse fetuses. Considerable progress has been made in developing techniques to make renogenic stem cells[@b58-bmi-suppl.1-2015-117],[@b59-bmi-suppl.1-2015-117] and differentiated renal cells,[@b58-bmi-suppl.1-2015-117] from human pluripotent stem cells, both embryonic and iPS cells. The methods generally work by mimicking the sequence of paracrine signaling molecules that would be experienced by an embryonic cell that follows the branching path of fates from pluripotent epiblast to renogenic stem cell. These include induction of a mesodermal fate (as at gastrulation) by activin, bone morphogenetic proteins (BMPs), and strong Wnt signals, followed by restriction to posterior mesodermal fate by BMP and strong Wnt without activin, followed by specification as intermediate mesoderm by activin, BMP, retinoic acid, and moderate Wnt signaling.[@b60-bmi-suppl.1-2015-117] This is then followed by induction either of mesenchymal renogenic stem cell fate using fibroblast growth factor 9[@b58-bmi-suppl.1-2015-117] or induction of the collecting duct stem cell fate using activin and BMP2.[@b61-bmi-suppl.1-2015-117] The production of the collecting duct progenitors is inefficient in this system. Given that the ultimate origin of these cells is the nephric duct, much more anterior in the embryo, it may be better to avoid the posteriorization step outlined above (this question has still to be explored).

So far, nobody has succeeded in making an anatomically realistic kidney rudiment from these cells but realistic microanatomies have been produced, with normal-looking immature nephrons being produced and expressing typical markers.[@b60-bmi-suppl.1-2015-117],[@b62-bmi-suppl.1-2015-117] Combination of the hiPS differentiation techniques described in this section with the techniques for promoting renal self-organization, described in the previous section, might result in realistic all-human mini-kidneys soon.

Given that many nephrotoxins operate through a limited number of pathways, it may also be possible to engineer hiPS cells to self-report damage, for example, through the expression of fluorescent proteins. These could be placed in loci such as Kim-1, expressed in response to a range of kidney injury.[@b29-bmi-suppl.1-2015-117] Alternatively, or perhaps additionally, given that fluorescent proteins of many colors are available, reporters could be placed in loci such as HIF-1 and Nrf2 for oxidative stress.[@b63-bmi-suppl.1-2015-117] It will also be possible to use hiPS cells derived from different patients to explore genetic influences on the responses to toxicants.

Limitations of Culture Models
=============================

It is important to note that, great as the potential is for hiPS-derived complex kidney culture models to report some types of nephrotoxic response in a human cell context, other types of toxicity are very unlikely to be detected. Of the list of four main nephrotoxicity mechanisms that were listed earlier in this article, two -- damage to membranes and junctions, and oxidative stress -- are likely to be replicated faithfully in culture because they are largely autonomous to renal tissue. The other two -- inflammatory damage and vascular dysfunction -- are not. Inflammation depends for its induction on events in the systemic immune system and is unlikely to be replicated properly in culture. Similarly, it is difficult to see how vascular dysfunction could be detected in a cultured organ that has no circulation: even in systems such as culture on the chick chorioallantoic membrane, which gives the kidney rudiments a circulation, pressures and volumes would be typical of early embryos, not adults.

As with all assay systems, the value of realistic hiPS-derived kidneys will lie in using them for problems for which they are suited. These might include some screening for specific types of nephrotoxicity. They will almost certainly include screening potential protective drugs for their ability to prevent damage by a toxicant (eg, an antibiotic or antiviral compound) known to produce a damage response in the culture system. The current methods of producing and culturing mini- kidneys are labor intensive, so unless this can be automated one day, their use in high-throughput screening would be out of the question and they will be useful only for selected candidate compounds.

No assay, other than the population of patients them-selves, will be perfectly immune from yielding false positive and false negatives. Construction of new human-based assay systems such as mini-kidneys will not change this, but it may provide one more valuable tool, the results from which, if used with proper judgment, will help drug developers to avoid at least a few mistakes that would otherwise be made.
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![Common mechanisms of damage to cells of the renal tubules and interstitium, together with examples of the toxicants that drive each type of damage. This diagram shows three of the four mechanisms described in the text: not shown, because of the scale of the diagram, is interference with vascular function, as caused by NSAIDS in patients with existing circulatory or renal problems.](bmi-suppl.1-2015-117f1){#f1-bmi-suppl.1-2015-117}

![Anatomy and physiology of self-organized, reconstructed mouse kidneys. (**A**) Shows a low-power view of a kidney that has organized itself from a suspension of separated ex fetu renogenic stem cells. The organ has distinguishable cortex (Ctx) and medulla (M) regions, a branched collecting duct system (cd), glomerular capsules (gc), and nephrons that include loops of Henle (LoH) that descend into the medulla. See Chang and Davies[@b54-bmi-suppl.1-2015-117] for more details. (**B**) A detailed view of proximal tubules (Pt), which have taken up a fluorescently labeled organic anion, showing that this aspect of proximal tubule physiology is running in culture. These green areas are exactly those vulnerable to toxicant accumulation. See Lawrence and Davies[@b57-bmi-suppl.1-2015-117] for more details. This figure is reproduced from Davies et al.[@b49-bmi-suppl.1-2015-117] under the terms of the Creative Commons 1 CC-BY 4.0: panel (**A**) was produced by C-Hong Chang and panel (**B**) by Melanie Lawrence, both in the author's laboratory.](bmi-suppl.1-2015-117f2){#f2-bmi-suppl.1-2015-117}
